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(57) Abstract: Multilayer thin film reflectors, such 
as mirrors and reflective polarizers, are described 
in which form birefringent optical layers are 
incorporated into a plurality of optical repeat units 
in the film. The form birefringent layers exhibit 
birefringence as a result of microscopic structures 
that have a dimension that is small compared to 
2Q the wavelength of light but large compared to 

~ molecular distances. The optical layers within the 

optical repeat units have out-of-plane indices of 
refraction that are tailored to produce desired effects 
as a function of incidence angle for p-polarized 
light. The multilayer reflectors can be made by 
conventional vacuum deposition techniques using 
known inorganic optical materials, but can also 
be made entirely with polymeric materials by 
co-extrusion or other processes. 
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BIREFRINGENT REFLECTORS USING 
ISOTROPIC MATERIALS AND FORM BIREFRINGENCE 

Background 

The present invention relates to reflectors such as mirrors and 
reflective polarizers that utilize multilayer interference stacks of various 
materials to achieve a desired optical performance. 

The reader is directed to the glossary at the end of the specification for 
guidance on the meaning of certain terms used herein. 

Thin film birefringent mirrors that comprise birefringent polymer 
layers are known. See, e.g., U.S. Patent Nos. 5,808,798 (Weber et al.) and 
5,882,774 (Jonza et al.) and PCT Publication WO 99/36258 (Weber et al.). 
Such mirrors can have spectrally broadband or narrowband reflection 
characteristics as desired by appropriate selection of the individual layer 
thicknesses and refractive indices. Furthermore, it is known to tailor the out- 
of-plane (z-direction) refractive indices of two adjacent layers in the optical 
repeat units of birefringent multilayer mirrors and polarizers so that the 
reflectivity for the p-polarization component of obliquely incident light 
decreases slowly with increasing angle of incidence, is independent of the 
angle of incidence, or increases as the angle of incidence increases. 
Substantially matching the out-of-plane refractive indices causes the left 
(short wavelength) bandedges of s- and p-polarized light to be matched, which 
is useful for certain color beamsplitting applications. Both the left and right 
(short and long wavelength) bandedges of s- and p-polarized light can be 
matched over a desired range of angles if the difference between the out-of- 
plane refractive indices is substantial and of the opposite sign as the in-plane 
refractive index difference. 

To date, reflecting films having these highly desirable angular 
properties have been fabricated from two or more co-extruded polymeric 
materials, at least one of which has in-plane refractive indices that change 
during a post-extrusion stretching procedure. In addition to the unique 
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angular performance capabilities, the polymeric materials and processing 
techniques used have inherent advantages in certain respects over 
conventional vacuum deposited thin film reflectors, such as the ability to 
make very high quality reflectors in high volumes and at relatively low overall 

5 cost. However, the processing techniques and/or polymeric materials also 
have inherent disadvantages in certain other respects, such as difficulty in 
making low volumes of the film economically, difficulty meeting certain 
stringent flatness specifications, and difficulty surviving in applications where 
the film is exposed to substantial amounts of ultraviolet light or to 

10 temperatures above about 200 degrees C. High angularity reflective films 

that avoid one or more of these difficulties would be highly useful in a variety 
of applications. 

Hence, there is a need in the art for precision birefringent reflectors 
which can be made from inorganic materials and optically flat substrates, 

15 . using available vacuum coating techniques. 

The concept of "form birefringence" has long been known in the field of 
optics, but has been treated largely as a mere curiosity. Unlike conventional 
birefringent materials, which exhibit different refractive indices as a result of 
an anisotropic physical structure on a molecular scale, materials that are form 

20 birefringent exhibit different refractive indices as a result of an anisotropic 
physical structure on a scale much larger than molecular but much smaller 
than the wavelength of light. Such form birefringent materials can be 
fabricated using conventional vacuum deposition equipment and with 
conventional inorganic materials that form isotropic layers in most modern 

25 optical thin film coatings. Form birefringent films have been demonstrated 
both as uniaxially birefringent films, in which the in-plane refractive indices 
n x , n y are substantially equal but different from the out-of-plane refractive 
index n 2 , and as biaxially birefringent films in which none of the indices are 
substantially equal. (Throughout this specification, for convenience, films and 

30 their constituent layers and microlayers are considered to lie in the x-y plane 
of a Cartesian x-y-z coordinate system, even though such films or layers can 
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be flexed or bent, or deposited onto nonplanar substrates.) Both positive and 
negative uniaxial form birefringent films are known in the art. A negative 
uniaxial form birefringent film (n K =n y >n z ) is described in U.S. Patent No. 
5,196,953 (Yeh et al.) for use as a compensator plate in a liquid crystal 
display. Positive uniaxial form birefringent films (n x ~n y <n r ), which contain 
microscopic columnar structures oriented parallel to the z-axis as a 
consequence of deposition conditions, are also known. See for example 
"Effective Principal Refractive Indices and Column Angles for Periodic Stacks 
of Thin Birefringent Films", J. Opt. Soc. Am. A, Vol. 10, No. 9, Sept. 1993, pp. 
2065-2071, or "Deposition, Characterization, and Simulation of Thin Films 
With Form Birefringence", SPIE Advances in Optical Materials (1984), Vol. 
505, pp. 228-235. Biaxial form birefringent films are discussed in U.S. Patent 
No. 5,638,197 (Gunning, III et al.) as compensation devices in liquid crystal 
displays. 

, However, the benefits .of using such form birefringent materials in high 
angularity reflective films, where the z-index of adjacent layers is tailored to 
achieve a desired angular behavior in the reflection or transmission of a 
polarizer or mirror, have not been taught or appreciated by others. Such 
benefits are particularly important for polarizing beamsplitters and color 
separation filters required to work at high angles of incidence, most notably 
where the reflector is immersed in a high index medium such as glass. Such 
applications of both mirrors and reflecting polarizers require the careful 
control of the reflectivity of p-polarized light compared to that for s-polarized 
light at oblique angles, which in turn requires careful control of the z-index. 

Brief Summary 

Disclosed herein are reflectors such as mirrors or reflective polarizers 
that comprise a plurality of thin film optical repeat units to achieve reflection 
or transmission of light as a function of wavelength, polarization state, and 
direction of incidence. The reflectors include in a plurality of the optical 
repeat units at least one optical layer that is form birefringent. Further, the 
form birefringent layer and another optical layer in the optical repeat units 
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have z-indices that are tailored to produce a desired optical effect as a function 
of incidence angle. Sometimes, this corresponds to z-indices for such layers 
that differ by no more than about 80%, more preferably by no more than about 
half, and even more preferably by no more than about 20%, of the maximum 
5 in-plane mismatch between such layers. In some cases, however, the desired 
z-index difference is large and of opposite sign as the in-plane index 
differences, or in the case of biaxial birefringent polarizers, as large as 
possible and of opposite sign as the largest in-plane refractive index 
difference, but not larger in magnitude than such largest in-plane index 
10 difference. 

In some embodiments, the optical repeat units include a negative 
uniaxial form birefringent optical layer. In other embodiments, the optical 
repeat units include a positive uniaxial form birefringent optical layer. In 
some of the embodiments both negative uniaxial and positive uniaxial form 
15 birefringent optical layers are included. In still other embodiments, biaxial 
form birefringent layers are included. 

Brief Description of the Drawings 
The invention will now be described more particularly with the aid of 
certain drawings, in which: 
20 FIG. 1 is a sectional view of a multilayer optical film; 

FIG. 2 is a perspective view of a form birefringent layer composed of a 
sequence of alternating high and low index microlayers; 

FIG. 3 is a graph of the in-plane and out-of-plane effective refractive 
indices of a form birefringent layer similar to FIG. 2 for a particular set of 
25 materials, as a function of the fractional thickness taken up by the low index 
microlayers; 

FIG. 4 is a graph similar to that of FIG. 3 but for a different set of 
materials, and where the difference between the in-plane and out-of-plane 
indices is plotted; 

30 FIG. 5 is a sectional view of an optical repeat unit incorporating a form 

birefringent optical layer similar to that of FIG. 2; 
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FIG. 6 is a sectional view of a multilayer reflector incorporating a 
plurality of optical repeat units as shown in FIG. 5; 

FIG. 7 is a perspective view of another type of form birefringent optical 

layer; 

5 FIG. 8 is a perspective view of an optical repeat unit incorporating a 

form birefringent optical layer similar to that of FIG. 7; 

FIG. 9 is a perspective view of a portion of a multilayer reflector 
comprising a plurality of optical repeat units of FIG. 8; 

FIGS. 10a and 10b are phase diagrams that depict different 
10 relationships between in-plane indices and out-of-plane indices for an 

interface between two optical layers, and how those relationships affect the 
reflectivity of the interface; and 

FIGS. 11 through 17 are graphs of calculated transmission as a function 
of wavelength for various multilayer mirror embodiments. 
15 In the drawings, the same reference symbol is used for convenience to 

indicate elements which are the same or which perform the same or a similar 
function. 

Detailed Description of the Illustrative Embodiments 
In FIG. 1, a portion of a multilayer optical film reflector 10 is shown 

20 deposited on a substrate 12. The reflector comprises a plurality of distinct 
layers of optically transmissive material, the layers being arranged in a 
repeating sequence A,B as shown to define a plurality of optical repeat units, 
labeled ORU1 through ORU6. The optical repeat units have associated 
optical thicknesses through OT 6 , respectively, as shown. In practice, more 

25 than 6 optical repeat units would ordinarily be used, but depending upon the 
application less than 6 can also be used. Also, although only two distinct 
optical layers A,B are shown as making up a given optical repeat unit, this is 
also not meant to be limiting since more than two such layers can be used, and 
tie layers that promote adhesion between the different optical layers can also 

30 be included. 
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The physical thicknesses and indices of refraction of the various optical 
layers shown in FIG. 1 are selected so as to produce reflector 10, which may be 
a mirror or a polarizer as desired. In the case of a mirror, the refractive 
indices of any given layer A or B for light whose electric field is polarized 
5 along the x- and y- directions (the y-axis is directed into the plane of the 
drawing), herein referred to as the x- and y-indices, respectively, are 
substantially the same but different from the x- and y-indices of its 
neighboring optical layers B or A, respectively. In the case of a polarizer, it is 
preferable that all of the optical layers A,B,C, etc. in an optical repeat unit 
10 have substantially the same index along one in-plane direction. Along the 
other in-plane direction, at least one of the optical layers has an index that 
differs substantially from another of the optical layers in the optical repeat 
unit. 

As is known in the art, the thickness of the optical repeat units can be 

15 . graded, i.e. change slowly in thickness from the optical repeat units at the top . 
of the film to the optical repeat units at the bottom of the film to increase the 
reflection or transmission bandwidth of the reflector. 

The optical layers A,B,C, etc. also each have a z-index associated 
therewith, which is the refractive index for light whose electric field is 

20 polarized along the z-axis. The z-index affects only obliquely incident light, 
and then only that polarization state of the light that lies in the plane of 
incidence (referred to as p-polarized light), rather than the polarization state 
that is perpendicular to the plane of incidence (s-polarized light). 

In one aspect of this invention, a plurality of the optical repeat units in 

25 reflector 10 include form birefringent optical layers in combination with 

isotropic optical layers, with other form birefringent optical layers, or with 
intrinsic birefringent optical layers in a manner that provides improved 
control of the reflectance (or transmission) of p-polarized light at highly 
oblique angles. In some instances the form birefringent optical layers are 

30 composed of materials that are generally isotropic in nature. These generally 
isotropic materials are deposited in a known manner to produce optical layers 
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having a substantial amount of birefringence. A positive uniaxial film layer 
can be fabricated from an isotropic material by encouraging columnar growth 
of the material in a direction normal to the surface of the substrate and by 
providing for voids between the columns. A negative uniaxial film layer can 
5 be made via the deposition of alternating smooth microlayers of isotropic 
materials having a larger index differential. 

Such form birefringent optical layers can be stacked in an alternating 
fashion with a second optical layer, such as an isotropic material layer or a 
birefringent material layer, to construct a multilayer interference mirror. The 

10 second optical layer in such a construction could be of either an intrinsic or 
form birefringent type. In order to provide the desired control of the 
reflectivity of p-polarized light by such a mirror, the relationship of the 
alternating z-indices of refraction with the corresponding in-plane indices, 
should be selected according to the principles prescribed for birefringent 

15 mirrors already known in the art. Such a mirror can be either narrow band or 
broadband, and can be designed with coincident bandedges for s- and p- 
polarized light. Either the left bandedges or the right bandedges, or both, may 
be made coincident at all angles of incidence by the choice of appropriate 
birefringent indices of the alternating layers. 

20 For reflectors that act as wavelength specific filters, especially those 

immersed in a high index medium such as glass, the different reflectivity for 
s- and p-polarized light creates many problems for the optical filter designer. 
The use of birefringent multilayer stacks allows the design of filters which 
reflect s- and p-polarized light equally, or in some cases, at least with 

25 coincident bandedges for s- and p-polarized light. See, e.g., the discussion in 
PCT Publication WO 99/36258, "Color shifting film". The coincidence of 
bandedges for s- and p-polarized light in these stacks is quite insensitive to 
layer thickness and index errors. 

Form birefringence can be very large for high index materials such as 

30 Si, Ge, Te, and other semiconductors such as the III-V and II-VI compounds. 
Tertiary compounds can also be utilized. Unique mirrors and polarizers can 
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be made from alternating high and low birefringent film layers, or alternating 
high positive and high negative birefringent film layers. For simplicity, an 
optic axis of a birefringent polarizer can be treated as a birefringent mirror for 
light which has its plane of polarization parallel to that axis. The Fresnel 
reflection coefficients for s and p-polarized light incident on an interface of two 
uniaxial birefringent materials 1 and 2 are given (11) by equations 1 and 2: 



r p = 



_ "2z *»2xy^ -nlSin 2 0 o -n\ z *rn xy Jn% z -n%Sii?& 0 

«2.o V"'*v ~ n » Sin 20 " + "'O " n ° Sin 



Eq. (1) 
Eq. (2) 



9o refers to the incidence angle in the incident medium of index n 0 . 
Equation 2 is the same as for isotropic materials. By inspection of equations 1 
and 2, we can arrive at the effective interfacial indices for the ith layer of a 
birefringent material stack at any angle of incidence: 



.int 



n xs = 



Cos0 o Eq. (3) 



for s-polarized light, and 



n mt = n ixy n iz Cos9 o 



W /—j ^ ^ — 

V w <z -n 0 Sin e 0 Eq (4) 

for p-polarized light. Equations 3 and 4 provide effective indices for 
calculating reflection coefficients for the interface of two birefringent 
materials. These effective indices can be utilized in equations for isotropic 
materials. 

The center wavelength \ for a reflection band follows from a simple 
relation: 

X o =2(nr z d l+ n; h %) Eq . (5) 
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where dj and d 2 are the physical thicknesses and n/* 1 and n 2 phl are the effective 
indices of each material used for determining the optical thickness (i.e., phase 
thickness) of the layers. These effective phase indices of uniaxial birefringent 
materials are: 



for p-polarized light. 

Thin film stacks incorporating layers such as the negative uniaxial 
form birefringent film of FIG. 2 below can be modeled using conventional thin 
film software if the constituent microlayers are isotropic and all microlayers 
are considered individually. Such software is based on a 2x2 matrix 
mathematical model. Alternately, such stacks, or optical film stacks 
comprising birefringent materials, or form birefringent layers such as those of 
FIG. 7, can be modeled using a conventional 4x4 matrix approach such as that 
outlined in D. W. Berreman, "Optics in Stratified and Anisotropic Media: 4x4- 
Matrix Formulation", J. Opt. Soc. Am. 62 (1972), pp. 502-510. Further details 
of this approach are also given in the text entitled Ellipsometry and Polarized 
Light (Elsevier, 1987) by Azzam and Bashara. When using this latter method, 
a form birefringent layer is considered as a single layer with the appropriate 
birefringent indices. Alternatively, a multilayer stack of birefringent layers 
can be modeled with a 2x2 matrix approach if the indices and optical 
thickness of the layers are represented by the effective indices and effective 
thickness values given by equations 3 through 7. 



In a preferred embodiment, negative uniaxial birefringent optical layers 
can be made by alternate deposition of very thin low and high index isotropic 
layers, which are individually referred to herein as microlayers. Stacks such 




Eq. (6) 



for s-polarized light, and 




Eq. (7) 



Negative Uniaxial Form Birefringent Optical Layers 
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as these can be fabricated from conventional isotropic materials vacuum 
deposited in dense microlayers without voids and without the corresponding 
problems associated with filling of voids by water or other materials that 
would change the effective index of refraction. 

Optically, such a composite optical layer behaves similarly to a single 
negative uniaxial birefringent material layer. In the limit of infinitely thin 
alternating layers, the ordinary and extraordinary indices of the composite 
material are given by the following known formulae: 



where n, and n h are the indices of the low and high index isotropic materials, 
and fj and f h are the fractional physical thickness of the low and high index 
layers respectively (f] = 1- f h ). In practice, the optical thickness of each 
high/low index microlayer pair need be only about 1/10 wave to approximate 
these theoretical values, and even greater thicknesses can be used successfully 
as discussed below. Such a composite layer is shown in the cutaway 
perspective view of FIG. 2, where numeral 14 identifies the form birefringent 
optical layer as a whole and numerals 16, 18 identify the high and low index 
microlayers respectively. The z-direction is chosen as the axis normal to the 
film plane, and indices of refraction along this direction are referred to (as 
before) as the z-index or n 2 . A common term for the index in this direction for 
a uniaxial plate is the extraordinary index n e . The indices along the x and y 
axis are referred to as the in-plane indices, as above, and are commonly 




Eq. (8) 



1 



Eq. (9) 
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referred to as the ordinary index n 0 if the film is symmetric (isotropic) within 
the plane of the film. 

Although the Equations 8 and 9 are written for layers in which two 
different types of microlayers are used, this is not intended to be limiting. 
Specifically, three, four, or more different microlayers, each composed of a 
unique optical material different from the others, can also be used within a 
form birefiringent optical layer. 

An example of a negative uniaxial form birefringent layer, having the 
conventional design shown in FIG. 2, is illustrative. Where the high index 
microlayers 16 are composed of TiO z (index = 2.4) and the low index 
microlayers 18 are composed of MgF 2 (index = 1.46), Equations 8 and 9 yield 
values for the ordinary (n o , i.e., n x and n y ) and extraordinary (n e , i.e. n z ) indices 
of refraction that are plotted in FIG. 3 as a function of the fractional thickness 
of layer 14 taken up by all of the low index microlayers 18. As shown, 
birefringence (n o - n c ) on the order of about 0.2 is readily achievable when the 
low index microlayers collectively make up about half of the overall optical 
layer 14 thickness. 

Even larger values of birefringence can be obtained by using 
alternating layers having a greater index difference. Again using Equations 8 
and 9 but now for high index microlayers 16 made of Si (index = 3.0 in the 
near IR) and low index layers 18 made of Si0 2 (index ~ 1.45 in the near IR), 
FIG. 4 plots the birefringence (n o — n e ) as a function of the fractional thickness 
taken up by low index microlayers 18. In this case, An = n o - n e = 0.82 at fj = 
0.39, where n 0 « 2.86 and n, * 2.04. 

One embodiment of the present invention is a thin film multilayer 
reflector comprised of optical repeat units that contain a negative uniaxial 
form birefringent optical layer of the type illustrated in FIG. 2. The simplest 
optical repeat unit 20 consists essentially of such a form birefringent layer 14 
and a second optical layer 22, as illustrated in the sectional view of FIG. 5. 
The second layer 20 can be isotropic or birefringent. The optical repeat unit 
20 as shown in FIG. 5 can be described by the notation [(H/8L/8) 4 ]M, for the 

11 
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particular case where the low index microlayer 18 fraction of the composite 
optical layer 14 is 0.50, or 50%. Of course, the birefringence of optical layer 14 
can be optimized according to FIGS. 3 or 4 by adjusting the ratio of low to high 
index material. The H/8L/8 notation is used for convenience only to mean that 
the layer 14, which has an overall optical thickness of about Va wave, contains 
8 alternating microlayers. M refers to an optical layer within the ORU that 
preferably has an index of refraction intermediate that of individual layers H 
and L, although the layer M can also have an index the same as the H or L 
layer, or higher than the H layer or lower than the L layer. The M layer itself 
can be intrinsically birefringent or form birefringent. The terms H, L, and M 
represent nominally Vi wave thick layers, with the understanding that the 
relative thicknesses can be optimized for example to maximize form 
birefringence. The z-index relationships may be very different from the in- 
plane index relationships, and are selected to produce a desired optical 
performance. 

A simple quarterwave stack mirror 24 using this repeat structure is 
illustrated in cross section in FIG. 6. The repeating ORUs 20 of FIG. 6 can be 
represented as [(H/8L/8) 4 ]M....[(H/8L/8) 4 ]M. In a further embodiment, the 
layer thicknesses can be individually selected during deposition to improve 
the optical performance of the stack for properties such as for example 
bandwidth, edge slope, and overall reflectivity, as is known in the art. 
However, in certain circumstances there are lower limits on the number of 
microlayers in one negative form birefringent layer as discussed below. 

Positive Uniaxial Form Birefringent Optical Layers 

The repeating microlayer composite films discussed above exhibit 
negative uniaxial birefringence. To produce an optical layer having a positive 
uniaxial birefringence, the form birefringence of microstructured films can be 
utilized as is known in the art. Briefly, by carefully controlling the vacuum 
deposition parameters, films can be made that have a pattern of microscopic 
voids that define a closely packed arrangement of minute columns or cylinders 
that are oriented generally along the z-axis. Transition metal oxides such as 
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Te^O^ Ti0 2 , Zr0 2 , and Hf0 2 have been deposited in this fashion, but other 
isotropic or birefringent materials can be used as well. In addition to such 
thin film deposition processes, a number of other known techniques can be 
used to produce the necessary microstructures for a positive uniaxial optical 
layer. Microlithography, reactive ion etching, and sputter etching are 
examples of such techniques. The form birefringence of columnar films or 
other microstructured materials can be very large if the bulk indices of 
refraction of the materials used are large. In the case of intrinsically 
birefringent materials, the form birefringence can either add or subtract from 
the intrinsic birefringence values. 

A perspective view of an idealized thin film columnar optical layer 26 
with positive form birefringence is shown in FIG. 7. The individual columns 
28 formed as a result of the pattern of voids have transverse dimensions in the 
x-y plane that are much larger than the molecules of the material but much 
smaller than the wavelength of light of interest. The length of the columns 
28, however, can be as large as Va wave or more, i.e., the thickness of optical 
layer 26. 

Incorporating a plurality of alternating microlayers of different 
columnar structured material films into a single optical layer can produce 
either negative or positive unixial birefringence. If only one layer of columnar 
structured material is used, and the columnar growth is normal to the surface 
of the substrate, then only positive uniaxial form birefringent films are 
produced. The birefringence of such microstructured optical layers can of 
course be enhanced by the use of inherently birefringent materials in their 
fabrication. Some materials can be either isotropic or birefringent, depending 
on the chosen deposition process. 

Positive uniaxial optical layer 26 can be used in an optical repeat unit 
30 in combination with another optical layer 32, as shown in the perspective 
view of FIG. 8. The other optical layer 32 can be isotropic, intrinsically 
birefringent, or form birefringent as desired. As in all of the embodiments 
presented here, the optical repeat unit can contain more than two optical 
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layers. And, as mentioned previously, the thickness of the optical repeat units 
can be graded to tailor the spectral transmission and reflection curves as 
desired. 

The maximum effects of birefringence in a repeating stack can be 
obtained by utilizing an optical repeat unit that combines both positive and 
negative birefringent layers . In a preferred embodiment, a multilayer thin 
film reflector 34 comprises optical repeat units 36 that have both positive and 
negative form birefringent layers, as depicted in the perspective view of FIG. 
9. 

Positive and negative uniaxial birefringent layers having different 
relative values of n o and n x will yield many possible combinations of in-plane 
and z-index relationships. Two classes of structures which most impact the 
reflectivity of p-polarized light relative to s-polarized light are represented by 
the phase diagrams of FIGS. 10a and 10b. 

In FIG. lOa^ the higher index optical layer (subscript 1) is isotropic qn 
the left side of the figure and positive uniaxial on the right side, and the lower 
index optical layer (subscript 2) is isotropic on the left side and negative 
uniaxial on the right side. Increasing birefringence is represented by the 
arrow to the right. The most notable feature of this diagram is that the z- 
index differential is larger than the in-plane index differential. This results in 
a decreased Brewster angle and, in general, weaker reflectivity for p-polarized 
light compared to that of an all isotropic stack having the same in-plane 
indices and stack design. Only one of the optical layers forming the interface 
need be birefringent to achieve this effect, but if positive and negative 
birefringent materials are combined, the effect can be increased. 

If the two optical layers forming an interface are chosen such that the z 
index differential is less than that of the in-plane differential, the Brewster 
angle increases. For even larger values of birefringence, if the relative z-index 
values cross (i.e. the z-index differential has the opposite sign as the in-plane 
index differential) then no Brewster angle exists, and the p-polarization 
reflectivity and bandwidth approach, and can surpass, the reflectivity and 
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bandwidth for s-polarized light at all angles of incidence. These cases are 
summarized by FIG. 10b. For the special case of n l2 = n^ and n^ = n lxy (not 
shown in the figure), r p = ~r a , meaning that the reflectivity and bandwidths for 
s- and p-polarized light will be identical at all angles of incidence. 

Biaxial Form Birefringent Optical Layers 
As noted above, biaxial form birefringent films are known in the art. In 
such films, the in-plane refractive indices differ substantially from each other 
and from the out-of-plane axis. The differing in-plane indices are important 
for multilayer reflectors that are used as polarizers, since in a reflective 
polarizer it is generally desired to match the in-plane indices of adjacent 
optical layers along one in-plane axis, but to mismatch the in-plane indices of 
those same optical layers along the orthogonal in-plane axis. In many 
instances it is useful to fabricate reflecting polarizers that operate at non- 
normal incidence. This is especially true with polarizing beamsplitters, which 
typically operate at 45 degrees, and in many cases are desirably immersed in 
glass, i.e. adhered to 45 degree prisms which are optically coupled along their 
diagonals with a clear adhesive. To provide for polarizers that remain highly 
reflective at these angles, the z-index relations of the optical layers can be 
utilized. 

The optics of the uniaxial birefringent multilayer mirrors are 
summarized by Equations 1 through 7. In these equations the in-plane 
indices, indicated as n xy , are assumed to be the same in both the x and y 
directions, as well as all in-plane directions between these two axes. However, 
if the indices of the layers are different along one in-plane optic axis than the 
other, then the resulting asymmetric reflector, or polarizer, can be treated as 
two kinds of mirrors. For example if n x differs from n y , within one or more of 
the composite layers of an optical repeat unit, then the layer to layer index 
differentials will be different along the x axis compared to the y axis. The 
ratio of in-plane differential to the z-index differential will also be different 
along the two axes in this case as well. Thus there are different reflective and 
transmissive properties for light having its plane of polarization parallel to 
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the x axis compared to light with its plane of polarization parallel to the y axis 
of the same article. As an example, a reduced Brewster angle may exist along 
the y axis at the interface of two layers, but the Brewster angle may be 
imaginary along the x axis. In other words, the z-index differential may be 
the same or larger than the in-plane index differential along one axis (x), and 
of the same sign as the in-plane value. But the z-index differential may be 
smaller than the in-plane index differential along the other in-plane axis (y), 
or in one preferred embodiment it may have the opposite sign as the in-plane 
index differential (y). The performance of mirrors and polarizers depend 
greatly on such parameters. With a reduced Brewster angle, the reflectivity of 
p-polarized light for an interface between two optical layers decreases more 
rapidly with angle from normal incidence than for isotropic layers . If the z 
indices of a quarterwave stack are matched, the bandwidth and reflectivity for 
p-polarized light is constant for all angles of incidence. Such articles are 
possible to produce^ using the appropriate foi?n birefringent layers. For 
oblique vacuum deposition conditions microstructured film that is produced is 
often biaxially birefringent, and the various combinations of properties 
between the two in-plane axes just described can be achieved. 

Design Considerations 
It is generally known that a stack of alternating microlayers will 
behave optically as a single layer of a birefringent material if the periodicity is 
small enough and the number of periods N is large enough. For convenient 
calculational purposes, the number of layers is sometimes assumed to be 
infinite. However, the limits of the microlayer number and thickness that 
would still produce a mirror with birefringent mirror properties has not been 
investigated. In a quarterwave thick layer, atomic or molecular dimensions, 
as well as crystallite size and material mixing, tend to limit the microlayers to 
less than about 20 layers per quarterwave, that is, greater than l/80th wave 
thick in the visible portion of the spectrum. More layers are possible at longer 
wavelengths. However, from a practical point of view, it may be desirable to 
minimize the number of microlayers in such a stack. One aspect of this 
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invention is the discovery that layers as thick as about l/12th wave, or only 3 
microlayers per quarterwave optical layer, still impart to a multilayer mirror 
several useful properties that are characteristic of a birefringent mirror. 

Computational Examples 
A number of example multilayer mirror films are given below, each of 
which have a structure similar to that of FIG. 6. The examples differ in the 
number (and thus also the thicknesses) of individual microlayers in the form 
birefringent optical layer. The other optical layer in each optical repeat unit 
is a Va wave isotropic layer. The overall reflective film in all of these cases has 
20 half wave layer pairs (i.e., 20 form birefringent optical layers and 20 
isotropic optical layers), and for each example is immersed in a material of 
index 1.70. The form birefringent layers each have alternating 2.4 and 1.46 
index microlayers. The form birefringent optical layers are each held at a 
constant V4 wave overall thickness, but the number and thickness of the 
micrplayers composing such layers is varied. Commercially available thin . 
film design software was used to calculate the spectral response for each 
example. 

Example 1: Mirror Film Having 16 Microlaver Negative Uniaxial Optical 
Layers Alternating With Isotropic Optical Layers 

In this first example, 8 pairs or 16 microlayers total were used in each 
Va wave form birefringent optical layer. The microlayers, with indices of 1.46 
and 2.4, thus have thicknesses of about 6.88 and 8.12 nm respectively. This 
corresponds to a low index material fraction of about 0.46. The effective 
indices of this composite layer are approximately 2.04 (in-plane) and 1.80 (out- 
of-plane). This form birefringent layer alternates with a 126 nm thick 
isotropic optical layer of index 1.82. The stack is immersed in a 1.70 index 
medium. FIG. 11 shows the calculated transmission spectra at normal 
incidence (curve 38) and at 45° for s- and p-polarized light (curves 40 and 42, 
respectively). 

Note in FIG. 11 that the fractional bandwidth and peak height for p- 
polarized light is the substantially the same at 45 degrees as at normal 
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incidence in a high index medium of index 1.7. For a mirror fabricated only 
with two alternating isotropic optical layers, the reflectance of p-polarized 
light is close to zero (and the transmission is close to one) at this angle due to 
the Brewster effect. The spectra shown in FIG. 11 are very similar to those 
obtainable from a birefringent mirror fabricated from intrinsically 
birefringent materials. The normal incidence and 45 degree p-polarization 
spectra of FIG. 11 (curves 38 and 42) can be directly compared to the 
calculated spectra of a birefringent mirror made with 20 pairs of high index 
birefringent material having n xy = 2.03, n z = 1.80, and low index isotropic 
material having n^ = 1.82. The comparison is shown in Figure 12, where the 
calculated spectra for the comparison mirror film are shown in broken lines 
and nearly coincide with the respective curves 38, 42. This demonstrates that 
a form birefringent layer, Va wave thick and composed of 16 microlayers 
performs substantially like an intrinsic birefringent Va wave thick layer in a Va 
wave mirror^stack. f 

Example 2: Another Mirror Film Having 16 Microlaver Negative Uniaxial 
Optical Layers Alternating With Isotropic Optical Layers 

The left bandedges of s- and p-polarized light in FIG. 11 can be brought 
into closer coincidence by an adjustment in the refractive index of the 
intermediate index material. This Example 2 mirror film therefore was of the 
identical construction as the Example 1 film, except that the refractive index 
of the isotropic optical layer was changed from 1.82 to 1.77. FIG. 13 shows the 
resulting spectra, where curve 44 is for normally incident light, and curves 
46,48 are for s- and p-polarized light respectively that is incident on the 
mirror film at 45°. The normal incidence and s-polarization reflectivities are 
stronger due to the larger in-plane index difference (2.04 - 1.77 versus 2.04 - 
1.82). The p-polarization band is slightly weakened because of the deviation 
from the z-matched condition in the direction of isotropic stacks. Instead of 
changing the intermediate index material, a different low index fraction in the 
microlayers may be chosen, or one or both of the low and high index materials 
of the microlayers may be changed to accomplish a similar effect. 
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The reflection bandwidth of such stacks may be widened by adding 
more optical repeating units tuned to different wavelengths. Separate stacks 
or a continuous gradation of optical thickness of the layer pairs can be 
utilized. 

The manufacture of the multilayer mirror can be simplified by 
minimizing the number of microlayers in the form birefringent optical layer. 
The Va wave form birefringent optical layers used to generate the spectra 
presented in FIGS. 11 and 13 had 16 microlayers, with individual layer 
thickness of l/64th wave. Similar results are obtained if only 8 microlayers 
(H/4L/4) 4 are used to make the form birefringent optical layers. The 
individual microlayers in this case are approximately l/32nd wave thick, 
although other thicknesses can be used by deviating from 50% low index 
material fraction. 

Example 3: Mirror Film Having 4 Microlaver Negative Uniaxial Optical 
Layers Alternating With Isotropic Optical Layers * 

In Example 3, the number of microlayers are reduced even further. 
This multilayer mirror film was of the same construction as that of Example 
1, except the form birefringent optical layers each consisted of only 2 pairs, or 
4 microlayers. The microlayers were four times as thick as those of Example 
1, thus maintaining the low index fraction of 0.46. The thickness of the 
isotropic optical layers was maintained at 126 nm, and the index maintained 
at 1.82. With this construction, the spectra of FIG. 14 are obtained. Curve 50 
is for normally incident light, and curves 52,54 are for s- and p-polarized light 
respectively that is incident on the mirror film at 45°. As seen, the p- 
polarization reflectance band is slightly narrower, and the left bandedges for s 
and p-polarized light are substantially aligned. The weaker p-polarization 
reflectance compared to FIGS. 11 or 13 indicate a slightly lessened form 
birefringent effect when only 4 microlayers are utilized. The second order 
reflection at 450 nm for normal incidence (curve 50) is also larger than for the 
case of 16 microlayers illustrated in FIG. 11. 
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Example 4: Mirror Film Having 2 Microlayer Negative Uniaxial Optical 
Layers Alternating With Isotropic Optical Layers 

However if only 2 microlayers, each nominally l/8th wave in thickness, 
are used to make a Ya wave optical layer (H/2L/2) which alternates with the 
other optical layer, significant differences are noted in the spectra for s- and p- 
polarized light, as shown in FIG. 15. The structure here is the same as that of 
Examples 1 and 4, except that only two microlayers were used. The low index 
microlayer had a thickness of about 55 nm and the high index microlayer 
about 65 nm. This structure for the optical repeat unit can be written as 
(H/2L/2M), with variations of the H/2 and L/2 values. The calculated 
responses are shown in FIG. 15. Curves 56,58 are for s- and p-polarized light 
respectively that is incident at 45° (the curve for normally incident light is 
omitted to avoid confusion). Note that these curves deviate substantially from 
those of multilayer mirrors made from intrinsic birefringent layers. 
Example 5: Mirror Film Having 3 Microlayer Negative Uniaxial Optical 
Layers Alternating With Isotropic Optical Layers 

In this example, the identical structure as that of Example 1 was used 
except the Ya wave form birefringent layer was changed to include only three 
microlayers, with thicknesses scaled by the factor (16/3). With the indices 
used in these examples, we have found that three is the minimum number of 
microlayers per Ya wave optical layer that substantially imparts the desired 
birefringent mirror properties to a multlayer mirror stack. The form 
birefringent layers in this case can be described as either [H/3L/3H/3] or 
[L/3H/3L/3], depending on whether the high index microlayer or the low index 
microlayer are used as the outer microlayers, i.e., the top and bottom 
microlayers within the form birefringent optical layer. The fraction 1/3 is 
listed in the formula only for convenience, and can be varied to optimize the 
form birefringent effects. Since the maximum form birefringent effect occurs 
at a low index material fraction of less than 0.5, the maximum optical 
thickness of the high index microlayers can be as large as roughly l/10th wave 
thick. 
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There are advantages of using an odd number of microlayers, such as 
the use of incompatible materials in the stack. Choice of one structure or the 
other ( [H/3L/3H/3] or [L/3H/3L/3] )depends on the adhesion properties of the 
H and L index materials to the intermediate index material M, and control of 
5 optical effects such as ringing on either side of a stopband. Spectra for the 

two cases are given in FIGS. 16 and 17 respectively. Curves 60 and 66 are for 
normally incident light; curves 62 and 68 are for s-polarized light incident at 
45°; and curves 64 and 70 are for p-polarized light incident at 45°. An odd 
number of microlayers can also be used in all other cases having more 
10 microlayers per form birefringent optical layer, such as e.g. 5,7, 9, 11, or more. 

Discussion 

Although form birefringent films made by vacuum depositing inorganic 
materials onto a substrate provide certain advantages in manufacturing and 
in use, form birefringent materials can be made in other ways with materials 

15 that need not be inorganic. For example, form birefringent films can be made 
by incorporating shaped particles in a polymer matrix and then aligning the 
particles by stretching the film or by other processing techniques involving for 
example electric or magnetic or mechanical stress fields which can align the 
particles before the matrix is polymerized or cooled below the glass transition 

20 temperature of a given polymeric material. For example, if needle shaped 

particles having a high index of refraction are arranged in vertical columns in 
a polymer matrix, similar to columnar growth in vapor deposited films, a 
positive uniaxial film can be created. In a similar manner, negative uniaxial 
birefringent films can be made, as well as a variety of biaxially birefringent 

25 films depending on the shape and orientation of the particles. For example, a 
film having ny<nx<nz can be made in this manner. Such a film is particularly 
useful as a phase retardation plate in converting linear to circularly polarized 
light or vice versa, and can be used either in a multilayer reflector or alone as 
a phase retardation plate. The orientation process could be sequential with 

30 each additional layer, or since the aggregate stack of films in an optical stack 
is relatively thin, all layers in the stack could be poled at one time. 



21 



WO 01/75490 



PCT/US00/24905 



Mechanical means of poling include stretching the films in one or more 
directions or directional coating techniques. In addition, with use of the 
electric or magnetic fields directed at an angle to the surface of the film plane, 
the optic axes can be tilted at an angle to the film axes. 

Such form birefringent articles are not restricted to films made with a 
polymer matrix. Any material that can be processed in a manner that a 
plurality of shaped material inclusions can be partially or completely aligned 
while the matrix is in a fluid or plastic state can be utilized to create form 
birefringent materials. The individual inclusions can also be intrinsically 
birefringent as well to increase the form birefringence effect. The inclusions 
can be a polymer of one type that are dispersed in a layer of another type of 
polymer and oriented by stretching. 

Further, negative uniaxial form birefringent layers of the type shown in 
FIG. 2 can be made by simple polymer coextrusion and stretching operations. 

Glossary of Certain Terms _ . . 
F-ratio: the relative contribution of a given individual layer to the total 

optical thickness of a given ORU. The f-ratio for the k-th individual 

layer is: 

f k = — ^ — ^— 9 where l<k<N, where N is the number of constituent 

^ Ilm » dm 

m=l 

layers in the ORU, where n k is the relevant refractive index of k-th 
layer, and d k is the physical thickness of layer k. The f-ratio of a layer k 
along a specified optical axis j is denoted fj k and is defined as above but 
where n k is the refractive index of layer k along axis j. 
Form birefringent layer: a layer (which may comprise a plurality of smaller 
layers) is said to be form birefringent if it exhibits different refractive 
indices for different polarization states of light capable of propagating 
through the layer, the different refractive indices being at least 
partially the result of an ordered arrangement of distinct structures 
within the layer, each such structure having at least one dimension 
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that is large compared with the dimensions of molecules but small 
compared with the wavelength of light. 
Fractional Bandwidth: the full spectral width (in units of distance such as 

nm) at half of the maximum height (i.e., half the amplitude) of the band 
divided by the center wavelength of the band (which bifurcates the full 
spectral width). 

Light: electromagnetic radiation, whether in the visible, ultraviolet, or 

infrared portion of the spectrum. 
Microlayer: a component layer of a form birefringent layer, the component 

layer having an optical thickness not more than about one-eighth of the 

wavelength of light of interest. 
Optical Layer: a layer (other than a microlayer) having an optical thickness of 

at least about 1716 th of the wavelength of light of interest. 
Optical Repeat Unit ("ORU"): a stack of at least two distinct optical layers 

which repeats across the thickness of a multilayer optical film, though 

corresponding repeating layers need not have the same thickness. The 

optical repeat unit has an optical thickness that corresponds to a half 

wave of a light wavelength of interest. 
Optical thickness: the physical thickness of a given body multiplied by its 

refractive index. In general, this is a function of wavelength and 

polarization. 

Reflectance Band: a spectral region of relatively high reflectance bounded on 

either side by regions of relatively low reflectance. 
Transmission Band: a spectral region of relatively high transmission bounded by 

spectral regions of relatively low transmission. 
Visible Light: light detectable by the unaided human eye, generally in the 

wavelength range of about 400 to 700 nm. 

Although the present invention has been described with reference to 
preferred embodiments, it is understood that the scope of the invention is 
limited only by the claims which follow. 
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1. A multilayer reflector having a plurality of optical repeat units arranged to 
reflect one or more desired wavelengths of light, wherein at least some of the 
optical repeat units comprise: 

a uniaxial form birefringent optical layer. 

2. The reflector of claim 1, wherein the form birefringent optical layer has an 
in-plane index of refraction, and an out-of-plane index of refraction that is 
greater than the in-plane index of refraction. 

3. The reflector of claim 1, wherein the form birefringent optical layer has an 
in-plane index of refraction, and an out-of-plane index of refraction that is less 
than the in-plane index of refraction. 

4. The reflector of claim 3, wherein the form birefringent optical layer 
comprises at least three microlayers. 

5. The reflector of claim 3, wherein the form birefringent optical layer has a 
bottom microlayer and a top microlayer composed of the same material. 

6. The reflector of claim 3, wherein the form birefringent optical layer consists 
essentially of an odd number of microlayers. 

7. The reflector of claim 1, wherein the at least some of the optical repeat 
units further comprise: 

an isotropic optical layer. 

8. The reflector of claim 1, wherein the at least some of the optical repeat 
units further comprise: 

a second uniaxial form birefringent optical layer. 
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9. The reflector of claim 8, wherein the first form birefringent optical layer is 
positive uniaxial and the second form birefringent optical layer is negative 
uniaxial. 

5 

10 : The reflector of claim 1, wherein the plurality of optical repeat units are 
arranged to form a device selected from the group consisting of a mirror and a 
polarizer. 

10 11. A multilayer reflector having a plurality of optical repeat units arranged 
to reflect one or more desired wavelengths of light, wherein at least some of 
the optical repeat units comprise: 

an isotropic optical layer; and 

a form birefringent optical layer. 

15- . ■ ... .. ..„.. ■ . 

12. The reflector of claim 11, wherein the form birefringent optical layer is 
selected from the group consisting of a positive uniaxial optical layer, a 
negative uniaxial optical layer, and a biaxial optical layer. 

20 13. The reflector of claim 11, wherein the form birefringent optical layer 
comprises at least three microlayers. 

14. The reflector of claim 13, wherein the form birefringent optical layer has a 
top microlayer and a bottom microlayer composed of the same material. 

25 

15. A multilayer reflector having a plurality of optical repeat units arranged 
to reflect one or more desired wavelengths of light, wherein at least some of 
the optical repeat units comprise: 

an intrinsically birefringent optical layer; and 
30 a form birefringent optical layer. 
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16. A multilayer reflector having a plurality of optical repeat units arranged 
to reflect one or more desired wavelengths of light, wherein at least some of 
the optical repeat units comprise a form birefringent optical layer and another 
optical layer, and wherein a relationship between the out-of-plane refractive 
indices of the form birefringent optical layer and the another optical layer 
produces a desired reflectivity of p-polarized light as a function of incidence 
angle. 

17. The reflector of claim 16, wherein the out-of-plane refractive indices differ 
by an amount less than about 80% of the largest in-plane index differential 
between the form birefringent optical layer and the another optical layer. 

18. The reflector of claim 17, wherein the out-of-plane refractive indices differ 
by an amount less than about 50% of the largest in-plane index differential 
between the form birefringent optical layer and the another optical layer. . 

19. The reflector of claim 18, wherein the out-of-plane refractive indices differ 
by an amount less than about 20% of the largest in-plane index differential 
between the form birefringent optical layer and the another optical layer. 

20. The reflector of claim 16, wherein the out-of-plane refractive indices differ 
by an amount that is opposite in sign to at least a first in-plane index 
differential between the form birefringent optical layer and the another 
optical layer. 

21. The reflector of claim 16, wherein the out-of-plane refractive indices differ 
by an amount that is of the same sign as a second in-plane index differential 
between the form birefringent optical layer and the another optical layer. 

22. The reflector of claim 21, wherein the first in-plane differential is greater 
in magnitude than the second in-plane differential. 
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23. A mirror comprising a plurality of form birefringent optical layers. 

24. The mirror of claim 23, wherein the form birefringent optical layers are 
arranged with at least a second plurality of optical layers to form a plurality of 
optical repeat units. 

25. The mirror of claim 24, wherein the second plurality of layers are 
substantially isotropic optical layers. 

26. The mirror of claim 24, wherein the second plurality of layers are 
intrinsically birefringent optical layers. 

27. The mirror of claim 24, wherein the second plurality of layers are form 
birefringent optical layers. , 

28. The mirror of claim 24, wherein the form birefringent optical layers each 
comprise at least 3 microlayers. 

29. The mirror of claim 24, wherein the form birefringent optical layers 
comprise inorganic material. 

30. The mirror of claim 24, wherein the form birefringent optical layers 
comprise polymeric material. 
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